Bacterial histone-like proteins are important for nucleoid structure, cell growth, DNA replication, recombination and gene regulation. In this study, we focused on the role of DR0199 (the EbfC orthologue), a newly identified member of the nucleoid-associated protein family in Deinococcus radiodurans. The survival fraction of DR0199-null mutant decreased by tenfold after treatment with 50 mM H 2 O 2 , nearly sixfold at a 10 kGy dose of gamma ray and nearly eightfold at a UV exposure of 1000 J m "2 compared with wild-type cells. The results of fluorescence labelling assays indicated that DR0199 protein localized in the nucleoid area of cells. Electrophoretic mobility shift assays demonstrated that D. radiodurans DR0199 is a DNA-binding protein.
INTRODUCTION
Deinococcus radiodurans possesses a powerful capacity to endure the lethal and mutagenic effects of many DNAdamaging agents, including ionizing radiation, dessication and oxidative stress (Battista, 1997; Makarova et al., 2001) . The extreme resistance of D. radiodurans is attributed to multiple factors including an efficient DNA-repair system (Arora et al., 2008; Blasius et al., 2008; Cox & Battista, 2005; Minton, 1994 ) and a strong oxidative stress tolerance system (Markillie et al., 1999; Slade & Radman, 2011) . However, the underlying mechanisms of the D. radiodurans resistance to stresses remain unclear.
D. radiodurans nucleoids have a condensed structure (Levin-Zaidman et al., 2003) . In prokaryotes, bacterial nucleoids are efficiently compacted by a number of nucleoid-associated proteins (NAPs), including the HU protein, integration host factor (IHF), Fis, H-NS, Dps, Lsr2 and EbfC. Based on their high intracellular abundance and DNA-binding properties, these proteins are generally believed to be the most important players in the organization and compaction of bacterial chromatin and gene expression (Dillon & Dorman, 2010; Luijsterburg et al., 2006; Travers & Muskhelishvili, 2005) . Among many NAPs, HU (drA0065) and Dps (dr2263) were detected in D. radiodurans (Nguyen et al., 2009) . Therefore, it would be interesting to determine whether or not other NAPs are also present in D. radiodurans.
The DR0199 protein in D. radiodurans shares 33 % identical and 65 % similar amino acids with the EbfC of Borrelia burgdorferi (Fig. 1) . In B. burgdorferi, EbfC is a novel type of DNA-binding protein that binds specifically and nonspecifically to double-stranded DNA and is involved in gene regulation (Babb et al., 2006) . The crystal structures of the orthologues in Haemophilus influenzae and Escherichia coli have been determined (Lim et al., 2003) (http://www.rcsb.org/pdb/explore.do? structureId=1PUG). Both proteins form a unique 'tweezer-like' structure and it has been shown that they bind DNA . However, the in vivo function of the EbfC family proteins remains to be identified. Here, we successfully constructed the DR0199 deletion mutant in D. radiodurans, demonstrating that DR0199 is not essential for this bacterium. We showed that DR0199-null mutants displayed an increased sensitivity to hydrogen peroxide, gamma radiation and UV light, and a slightly slower growth phenotype compared with the wild-type. We also found that the DR0199 protein localized to the nucleoid in D. radiodurans cells, played a role in protecting DNA from degradation and aided in constraining the DNA supercoiling in vitro. These results suggest that DR0199 is a protein with DNAprotective properties and histone-like features that are involved in nucleoid organization and DNA protection in D. radiodurans.
METHODS
Bacterial strains and materials. All D. radiodurans cultures were grown at 30 uC in tryptone-yeast extract-glucose (TGY) media (0.5 % bacto-tryptone, 0.1 % glucose, 0.3 % bacto-yeast extract) with aeration or on TGY plates supplemented with 1.5 % agar. Overnight cultures were incubated in fresh TGY medium and the exponential-phase cells (OD 600 0.8) were used for all experiments. Escherichia coli strains were grown in Luria-Bertani (LB; Colangeli et al., 2007) broth or on LB plates at 37 uC.
Deletion and functional complementation of dr0199. The D. radiodurans dr0199 mutant strain was constructed using a deletion replacement method as described previously . Briefly, a~600 bp DNA fragment immediately upstream and downstream of dr0199 was amplified from the genome of strain R1. These two fragments were digested with BamHI and HindIII, respectively, and ligated with the streptomycin resistance gene (aadA) pretreated with the same enzymes. The product was transformed into competent D. radiodurans cells at the exponential phase; mutant colonies were selected on TGY plates containing 8 mg streptomycin ml 21 . The null mutant was confirmed by genomic PCR.
To complement dr0199 in the dr0199 mutant, a modified shuttle vector, pRADZ (a gift from M. Lidstrom, University of Washington, Seattle, WA) was used (Meima et al., 2001) . The complemented plasmid was constructed as described previously and transformed into the dr0199 mutant . Briefly, a 291 bp region containing the dr0199 gene was amplified using the primers DR0199 com F and DR0199 com R (Supplementary Table S1 , available with the online version of this paper) and ligated to the pMD18 TEasy vector (TaKaRa). The obtained plasmid was designated pMDdr0199. After digestion with NdeI and BamHI, the target gene dr0199 was ligated to NdeI-and BamHI-pre-digested pRADZ, and the resulting vector was designated pRAD-dr0199.
Measurement of growth characteristics and cell survival under stresses. Growth characteristics of D. radiodurans were determined by measuring the OD 600 . Cell survival fractions under ionizing radiation and UV light were determined using a previously described method . The hydrogen peroxide sensitivity of D. radiodurans cells was assayed as described previously with some modifications. Cells were harvested during the early stationary phase (OD 600 1.0), washed twice and resuspended in phosphate buffer (20 mM, pH 7.4). An aliquot was removed as a control and the remainder was treated with hydrogen peroxide at a final concentration of 10-50 mM. The mixture was incubated at 30 uC in an orbital shaker. Catalase (Sigma) was added in excess (15 U) to stop the hydrogen peroxide reaction. The cells were diluted and spread on to solid TGY media to determine the number of c.f.u. Survival fractions are defined as a percentage of the c.f.u. obtained in the treated sample compared with the control. All the data are shown as the mean±SD of three independent experiments.
Localization of DR0199 protein in vivo. The plasmid pRADGdr0199 was constructed following the method described previously (GuanJun et al., 2008; Tian et al., 2010) . Briefly, construction of pRADG-dr0199 vectors contained the dr0199 gene fused to the enhanced green fluorescence protein gene (eGFP) gene. The plasmid pRADG (lab stock) contains a chloramphenicol resistance gene and eGFP (BD Clontech), which is under the control of the groEL gene promoter. pRADG-dr0199 (pRADG containing no targeted gene as a control) was introduced into the R1Ddr0199 mutant strain. The transformant was obtained using chloramphenicol resistance selection. The transformant was grown to the exponential phase (OD 600~0 .8), spread on a glass slide and examined using a laser confocal microscope (Zeiss LSM510) (Tian et al., 2010) .
Protein purification. Proteins were produced as described previously . Briefly, E. coli BL21(DE3) cells carrying plasmid pET-28a-dr0199 were grown to OD 600 0.6 at 37 uC and induced with 1 mM IPTG at 37 uC for 4 h. Bacteria were harvested and lysed by sonication in 50 mM Tris/HCl (pH 7.4), 0.5 M NaCl and 10 mM imidazole. The cell lysates were centrifuged at 10 000 g at 4 uC for 40 min. The supernatant was then subjected to affinity chromatography on Ni 2+ -NTA agarose (Qiagen). After washing, proteins were eluted with 250 mM imidazole and dialysed overnight. The DR0199 protein was purified by using 30 % ammonium sulfate precipitation in a 4 ml mixture and was applied to Sephacryl S-200 (GE Healthcare) in S buffer (50 mM Tris/HCl pH 8.0, 100 mM NaCl) and concentrated by YM3 (Millipore). Aliquots of the fractions were analysed on 15 % SDS-PAGE gels, and only fractions containing pure DR0199 protein (estimated to be .95 % pure; Supplementary   Fig. 1 . Alignment of the predicted amino acid sequences of EbfC/YbaB orthologues of H. influenzas (Hin), E. coli (Ecl), D. radiodurans (Dra), and B. burgdorferi (Bbu). The multiple sequence alignment was conducted using CLUSTAL W. The shading reflects more than 60 % consensus in each column. The more conserved residues that were observed, the darker the colour used for shading. Amino acid residues of EbfC/YbaB orthologues that contain a-helices 1 and 3 of their determined protein structures are identified.
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On: Mon, 10 Dec 2018 22:44:17 Electrophoretic mobility shift assays. The sequence of the 150-mer, selected randomly from the megaplasmid of D. radiodurans was 59-GCCGGTCAAGCACGCCTACGAGCAGGGGATCGGGGGACA-GACGGGGATTGAATATTAACCGTTTCGTCCTCGCCGCTCCGGG-CTCTGGCAGCGGCAAAACCACCGTCGCCGCGCTGCTGTGTC-TCGCCCTGCGTGCGCGTGGCCTGAGCG-39. The primer was FITC labelled at the 59 end with this sequence. Equimolar amounts of complementary oligonucleotides were mixed, heated to 95 uC and cooled slowly to 4 uC to form duplex DNA. Electrophoretic mobility shift assays were performed using 8 % (w/v) polyacrylamide gels in TBE (45 mM Tris/borate, pH 8.3, 1 mM EDTA). Gels were run for 100 min at 25 mA and 4 uC. Reaction conditions were as described, and each sample contained 100 pM DNA in a total volume of 10 ml incubated with increasing concentrations (50, 100 and 200 nM) of DR0199. After electrophoresis, gels were dried and protein-DNA complexes were visualized and quantified using a VeraDoc camera imaging system (Bio-Rad). The region on the gels between the complex and free DNA was considered to be a complex.
DNA protection assay. DNA protection from oxidative damage was measured using the pET28a plasmid (linear and negatively supercoiled). DNA (200 ng) was incubated for 30 min with DR0199 in a 10 ml 20 mM Tris/HCl (pH 8.0) and 100 mM KCl. Fe(NH 4 ) 2 (SO 4 ) 2 (up to 200 mM) and H 2 O 2 (up to 10 mM) were added unless specified otherwise, and the reaction was allowed to proceed for 10 min at room temperature. Reactions were terminated by the addition of 1 % (w/v) SDS and 3.4 % glycerol; the entire reaction mixture was loaded onto a 1 % agarose gel in 0.56TBE.
DNA protection from DNase I-mediated damage was measured by using the pET28a plasmid (linear and negatively supercoiled). DNA (200 ng) was incubated for 30 min with DR0199 in a 10 ml 20 mM Tris/HCl (pH 8.0) and 100 mM KCl. DNase I (0.05 units) was added following incubation at room temperature for 10 min. DNase I digestions were terminated with 1 % SDS and 3.4 % glycerol after incubation at room temperature for 5 min and the entire reaction mixture was loaded on 1 % agarose gels in 0.56TBE.
Supercoiling assays. Negatively supercoiled WX174 DNA (500 ng) was relaxed in 10 mM Tris/HCl, 100 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA with 10 U topoisomerase I at 37 uC for 30 min. The relaxed DNA was incubated with increasing amounts (0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 mM) of DR0199 protein and the volume was adjusted with 16dilution buffer (20 mM Tris/HCl, pH 7.5, 0.1 mM Na 2 EDTA, 1 mg BSA ml 21 ). Reactions were allowed to proceed at 37 uC for 1 h, after which 2 ml termination mix (56TBE, 5 % SDS, 15 % sucrose, 0.1 % bromophenol blue, 0.1 % xylene cyanol, 2 mg proteinase K ml
21
) was added, and the samples were subjected to further incubation at 37 uC for 10 min. The DNA was analysed using gel electrophoresis (1 % agarose gels run in TBE buffer) and stained with ethidium bromide.
RESULTS
The DR0199 deletion mutant showed higher sensitivity to oxidative stress than the wild-type R1
To assess the physiological function of DR0199, we disrupted the dr0199 gene in D. radiodurans using the homozygous replacement of wild-type alleles with the aadA gene, which was confirmed by PCR (Fig. 2a, b) and DNA sequencing. Then, we assessed the phenotype of the DR0199 mutant, the DR0199-complemented strain and the wild-type strain. The DR0199 knockout mutant was more susceptible to H 2 O 2 than the wild-type strain, with a more than tenfold decrease in cell survival after treatment with 50 mM H 2 O 2 (Fig. 2c) . The oxidative resistance of the complemented strain (mutant dr0199com) was nearly recovered to the survival level of wild-type, suggesting that the phenotype of the DR0199 mutant was due to the absence of the dr0199 gene. Moreover, the DR0199 mutant cell survival was decreased by nearly sixfold after a 10 kGy dose of gamma ray (Fig. 2d) and nearly eightfold after UV exposure of 1000 J m 22 (Fig. 2e ) compared with wild-type cells.
DR0199 protein can be co-localized with the nucleoid
To determine the cellular localization of the DR0199 protein, the dr0199 gene was fused with the eGFP gene and analysed by fluorescence microscopy (GuanJun et al., 2008; Tian et al., 2010) . Fig. 3 shows that eGFP-labelled protein (green fluorescence) was localized in the cell; the DAPI fluorescence displayed in the merged picture indicates the co-localization of the eGFP-labelled protein and the cell nucleoid.
DR0199 protein can bind DNA
To analyse DNA binding by DR0199, we used a random G+C-rich 150 bp duplex DNA (100 pmol) incubated with increasing concentrations (50, 100 and 200 nM) of DR0199 for electrophoretic mobility shift assay. We found that DR0199 (50, 100 and 200 nM) binding duplex DNA formed stable protein-DNA complexes (Fig. 4a) . DNA substrates were incubated with BSA in place of DR0199 as a control (Fig. 4b) . This suggested that DR0199 in D. radiodurans might be a non-specific DNA-binding protein.
DR0199 protects DNA from degradation
Histone-like proteins are able to protect DNA from degradation (Colangeli et al., 2009; Grayling et al., 1997) . To determine whether DR0199 plays important roles in DNA protection, we examined the ability of the D. radiodurans DR0199 to protect DNA from DNase I-and hydroxyl radicalmediated damage. The linear and supercoiled pET28a plasmid (200 ng) was incubated with DNase I or H 2 O 2 (10 mM) and FeSO 4 (200 mM) in the presence of the recombinant D. radiodurans DR0199 (0.5 and 1.5 mM) for 10 min at room temperature. Notably, linear DNA was substantially protected from degradation by pretreatment with DR0199 ( Fig. 5b, d ; lane 4). The supercoiled plasmid was protected against DNase I-and FeII/H 2 O 2 -induced damage in the presence of DR0199 (Fig. 5a, c; lane 4) , although the formation of nicked/ relaxed circular DNA was observed. This result indicated that DR0199 may act as a physical barrier to protect DNA against damage and degradation.
On: Mon, 10 Dec 2018 22:44:17 Fig. 3 . Localization of the DR0199 protein by fluorescence labelling analysis. Plasmid pRADG containing no targeted gene was transformed into R1Ddr0199 mutant as a control, in which the eGFP was localized in the cytoplasm. dr0199 was fused to the eGFP gene of pRADG and the resulting plasmid was transformed into the R1Ddr0199 mutant. The strain was spread on a glass slide and examined with a laser confocal microscope (Zeiss LSM510). The cell nucleoid was stained with DAPI (blue fluorescence). Merged pictures of eGFP labelling protein and DAPI staining image are also shown. 
DR0199 constrains DNA supercoils
To address whether the DR0199 protein bound to supercoiled DNA could restrain negative torsional tension, supercoiled plasmid DNA was incubated with Topo I (10 U) and increasing amounts of DR0199 (0.1-3.2 mM). In the absence of DR0199, the DNA was completely relaxed by Topo I (Fig. 6; lane 2) . However, in the presence of DR0199 protein (0.1-3.2 mM), DNA relaxation was inhibited, indicating that DR0199 constrains supercoils and it may play a role in DNA organization and bacterial chromatin structuring.
DISCUSSION
D. radiodurans nucleoids adopt a condensed structure that remains unaltered after high-dose gamma-radiation (LevinZaidman et al., 2003) . The tightly compacted structure of the nucleoid may prevent the diffusion of DNA fragments generated by many DNA-damaging agents and contribute to radio and oxidative resistance in these species. Bacterial NAPs play a central role in nucleoid organization, DNA compaction and gene regulation (Dillon & Dorman, 2010; Luijsterburg et al., 2006; Travers & Muskhelishvili, 2005) . In this work, we evaluated the role of DR0199, a histone-like protein, in DNA damage tolerance of D. radiodurans.
EbfC orthologues are found in the genomes of many bacterial species, and the orthologues of E. coli, B. burgdorferi and H. influenzae, are DNA-binding proteins Riley et al., 2009) . The failure to obtain a homozygous EbfC knockout mutant in B. burgdorferi suggested the essentiality of this gene. However, we successfully constructed the dr0199 deletion mutant in D. radiodurans, suggesting that DR0199 is not essential for D. radiodurans. This also indicated that the D. radiodurans DR0199 protein may have different features compared with the three reported EbfC/YbaB proteins. The DR0199 depletion mutant displayed an increased sensitivity to oxidative stress, and a slightly increased sensitivity to ionizing radiation and UV exposure compared with the wild-type. Riley et al. (2009) have shown in vitro that the B. burgdorferi EbfC protein is able to bind and bend duplex DNA. Our results demonstrated that the D. radiodurans DR0199 protein can bind to duplex DNA and constrain DNA supercoils, suggesting a role for DR0199 in DNA organization in the bacterial nucleoid and maintenance of genomic integrity in cells. These features, along with the cellular localization of the DR0199 protein and its small size, are shared with that of histone-like proteins (Stavans & Oppenheim, 2006 ). These findings demonstrate that members of the EbfC family are bacterial histone-like proteins.
D. radiodurans DR0199 protein appeared to utilize a different mechanism to protect D. radiodurans against DNA damage stresses that require direct protein-DNA binding. Many DNA-binding proteins locally protect DNA from reactive oxygen species in vitro, and this phenomenon is indeed the basis for DNA footprinting studies (Jain & Tullius, 2008) . Protection may also be related to alterations in DNA conformation. These proteins, like histone-like proteins, may be preferentially oxidized over DNA and become sacrificial targets (Furukawa et al., 2005) . DR0199 protects double-stranded DNA from digestion, which should help maintain the integrity of DNA fragments generated in response to DNA damage, regardless of whether such fragments are a result of the direct action of the damaging agent or produced as a consequence of the repair processes. By limiting degradation, proteins that protect DNA could enhance DNA damage tolerance and cell survival. In other words, the DR0199 protein may play an important role in preserving genetic information and contribute to the DNA damage tolerance in this species.
In E. coli, about 12 distinct proteins, including HU, IHF, HNS, FIS and Dps, associate with the nucleoid. In vitro, these nucleoid-associated proteins clearly have the ability to compact DNA. E. coli cells deficient in one of these nucleoid-associated proteins display subtle phenotypes, suggesting that some of the roles of one nucleoid-associated protein may be displaced by another. Therefore, these nucleoid-associated proteins may functionally compensate for one another (Dillon & Dorman, 2010) . In contrast, the D. radiodurans genome does not have any recognizable homologues of known bacterial NAPs such as HNS, IHF and FIS. D. radiodurans cells devoid of Dps (dr2263) contain a condensed nucleoid, whereas cells lacking HU (drA0065) are not viable (Nguyen et al., 2009) . DR0199 mutants also contain a condensed nucleoid (data not shown), even though the protein concentrates in the nucleoid and is uniformly distributed throughout the structure (Fig. 3) . Thus, we propose that DR0199 is not responsible for the compaction of the D. radiodurans nucleoid. The existence of a set of Deinococcusspecific NAPs required for the compact structure of the nucleoid remains to be determined.
Histone-like proteins are reasonable candidates for regulators of environmental responses in bacteria because they are involved in controlling the phase of cell growth and regulating genes that respond to environmental stresses (Barth et al., 1995; Rimsky, 2004) . DR0199 shows properties similar to other histone-like proteins, suggesting that it can regulate gene expression by controlling chromosomal topology or via another mechanism. Furthermore, the DR0199 homologue in B. burgdorferi apparently plays a role in the regulation of plasmidencoded Erp outer membrane, surface-exposed lipoproteins (Babb et al., 2006) . However, homologues of Erp proteins have not been identified in the D. radiodurans genome. Our transcriptomic analysis carried out in the DR0199 mutant suggests that the expression of many genes that relate to the biosynthesis of dNTP, amino acid and ribosomal biogenesis metabolism were altered (data not shown), but the mechanism involved in the transcriptomic alteration is still unknown.
Our findings suggest that DR0199 is a protein with DNAprotective properties and histone-like features that are involved in D. radiodurans DNA protection. Further work is necessary to elucidate the detailed mechanism of DR0199 function.
